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Abstract 
Chlamydomonas raudensis Ettl consists of two strains, SAG 49.72 and UWO 241. They have 
identical Internal Transcribed Spacer sequences and are thus considered to belong to the 
same species, even though they are geographically separate and physiologically and 
biochemically very distinct. Using the technique of random amplification of polymorphic 
DNA to measure the extent of genome polymorphism, the aim of this research was to 
estimate the similarity of the nuclear genomes of the two strains. The analysis shows that the 
two strains only share approximately 10% of the total number of amplicons. Surprisingly, the 
data also indicate, indirectly, that the genome sequences of these two strains are no more 
similar to each other than either is to a strain of C. reinhardtii.  This research raises the 
intriguing question of how two strains can have identical Internal Transcribed Spacer 
sequences and yet possess genome sequences that are clearly divergent.   
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Chapter 1  
1 Introduction 
1.1 The concept of species 
The species is one of the fundamental units of biology.  The species concept occupies a 
key place in traditional disciplines including anatomy, development, behavior, ecology 
and evolution, and more recently demarked disciplines such as functional and 
comparative genomics.  However, unlike other biological units such as the genome or the 
cell, the definition of a species has been wrought by debate for over a century (see 
Reydon 2004; De Queiroz 2005; Hey 2006).   
At the time of Darwin, a species, which is Latin for "kind",  was just another rank in the 
hierarchy of taxonomic classification with individuals belonging to the same species 
sharing particular traits (De Queiroz 2005).  Darwin himself stated in On the Origin of 
Species that the term species is "one arbitrarily given for sake of convenience to a set of 
individuals closely resembling each other" (Darwin 1859).  It was Ernst Mayr who 
arrived at what most everyone considers the most widely held definition of a species by 
proposing the Biological Species Concept:  A species is a group of interbreeding natural 
populations that is reproductively isolated from other such groups (Mayr & Ashlock 
1991).  Issues with the Biological Species Concept include the fact that it cannot be 
applied to organisms that reproduce asexually, as well as it is hard to apply to closely 
related populations that do not overlap geographically. 
The widely held acceptance of the Biological Species Concept, however, did nothing to 
dampen the debate among many biologists and today there are 24 well established 
species concepts (De Queiroz 2007). Besides the Biological Species Concept that 
emphasizes reproductive isolation, other widely held definitions  include the Ecological 
Species Concept, which focuses on distinct niche or adaptive zones and the Phylogenetic 
Species Concept that defines a species as a group of organisms bound by a unique 
ancestry.  The fact that different species concepts exist should not be surprising as it 
simply reflects the different interests of the biologists that propose them.   
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As discussed by Hey (2006), biologists do share a common notion of species and can 
carry on discussions without explicit reference to specific concepts.  All biologists agree 
that species arise by evolution and that individuals of a species share an evolutionary 
history with each other more than individuals of another species (Hey 2006).  A number 
of authors see the "species problem" as solved by adopting a pluralistic definition.  It is 
clear, as put forward by Reydon (2004) that the problem is really a philosophical one that 
requires empirical information to be settled and that at its most basic reflects the changing 
history of biological thought.  
1.2 Molecular tools used to infer phylogeny 
Phylogenetics is the study of the evolutionary relationships between groups of organisms 
such as species and populations.  Traditional phylogenetic approaches rely on a range of 
morphological characters to infer relationships — the assumption is that organisms that 
have a greater number of characters in common are more closely related.   The 
subdiscipline of molecular phylogenetics uses biological sequence information including 
protein, DNA and RNA sequence data, which can be used like any other trait to infer 
phylogenetic relationships.  However, sequence data offers a number of key advantages:  
first, since every nucleotide position is a character with four different states (A, G, C or 
T), a single sequence can provide information on many different characters.  Second, 
molecular character states are unambiguous. Third, molecular data are easily converted to 
numerical form and hence are amenable to mathematical and statistical analysis (Brown 
2002). 
A number of different sequences have been used to infer phylogeny. For example,  a 648  
bp region of the mitochondrial cytochrome c oxidase 1 gene (CO1) has been adopted as a 
DNA barcode (Hebert & Gregory 2005) for many phylogenetic groups.  For plants and 
algae CO1 is not used because of its low substitution rate.  In its place a combination of 
plastid-encoded genes rbcL (encoding the large subunit of rubisco) and matK, a proposed 
group II intron maturase, has found wide support (Hollingsworth et al. 2009)   
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1.3 Internal transcribed spacer  
Over the past 15 years, the unequivocal method used to determine taxonomic 
identity is to compare the sequence of the internal transcribed spacer (ITS).  Briefly, in 
eukaryotes, rRNA genes occur as a cistron with 18S, 5.8S and 28S rRNA genes being 
transcribed as  one unit by RNA polymerase I.  Following transcription these RNAs 
become functional by the removal of two ITS sequences that flank the 5.8S rRNA. An 
ITS sequence usually refers to the DNA sequence of ITS1 and ITS2 and the intervening 
5.8S rRNA sequence (ITS1-5.8S rRNA-ITS2) (Figure 1). The rDNA cistron usually 
exists in tandem arrays reaching many hundreds.  In plants rDNA genes have been shown 
to exist as hundreds to thousands of copies, present in tandem array at one or more 
chromosomal loci (Arnheim, 1983; Zimmer et al., 1980; Elder & Turner, 1995).  In a 
recent study on the genome sequencing of C. reinhardtii, Merchant et al. (2007) found 
that its genome contains tandem arrays of rRNA genes, located on chromosomes 1, 7 and 
15.   
A number of studies in different plants such as white spruce (Brown et al., 1993), 
Alium cepa  (Panzera et al., 1996), barley (Pedersen & Linde-Laursen, 1994) and 
Rhynchospora (Vanzela et al., 1998) have shown that ribosomal DNA are parts of 
nucleolus organizing regions in the genome and their number, array size as well as 
distribution is highly variable between the genomes.  On the contrary, there are many 
examples of rDNA pseudogenes in plant genomes, which have been reported from many 
angiosperms by different workers (Buckler et al. 1997; Buckler and Holtsford 1996 a, b; 
Hartmann et al. 2001; Mayol & Rossello 2001; Kita & Ito, 2000). 
A number of studies in different plants have shown that there is lot of diversity in the ITS 
sequences present in the genomes. Buckler and Holtsford (1996 a, b) analysed 78 cloned 
ITS sequences from maize, amplified without dimethyl sulphoxide (DMSO), and found 4 
sequences of pseudogenes (based on GC content), whereas cloned sequences amplified 
with DMSO did not result in any pseudogenes.  Muir et al. (2001), working with two 
species of diploid Quercus, sequenced 70 ITS clones and recovered one class of 
functionally active ITS sequences and two classes of pseudogenes. In another study, 
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Hughes et al. (2002) sequenced ITS sequences in 65 accessions of Leucaena and 
identified 26 sequences as pseudogenes out of 87 sequences. 
For reasons outlined by Álvarez & Wendel (2003), the ITS sequence has become the 
dominant molecular marker for phylogeny construction for a number of reasons:  Low 
functional constraint; Because ITS sequences are spliced during transcriptional 
processing, individual nucleotides would evolve essentially neutrally simply by point 
mutation.   Intergenomic variability;  The ITS is of sufficient size (many hundreds to a 
few thousand bases) with enough sequence variability to enable phylogenetic inference at 
the species, genus and family level (Baldwin 1992).  Simplicity and Universality; because 
rRNA sequences exist in tandem repeats one can amplify ITS sequences using very small 
amounts of DNA.  As well, amplification is aided by a single set of universal primers, 
which have been successfully used for most plant and fungal phyla (White et al. 1990). 
Attempting to arrive at a mutation rate for the ITS, and in turn to infer time since 
divergence of two species is plagued by two issues.  First is the universal problem of rate 
heterogeneity.  Second, ITS sequences vary considerably in length among different taxa.  
The longer the ITS, the greater is the possibility of nucleotide changes.  Because of these 
issues there is no consensus on the percent difference between two ITS sequences that are 
necessary to indicate species or genus level (Coleman 2003). Related to this, recent work 
by Müller and co-workers  investigated compensatory base changes (CBCs) as a tool in 
distinguishing species (Müller et al. 2007).  CBCs are mutations that occur in closely 
related species, both data base  and 1300 ITS2 sequences, they found that in 93% of 
nucleotides of a bonded pair, the bonding is retained (e.g.  C-G to T-A).  Using the cases 
where a CBC was detected in organisms of the same genus, the organisms belong to 
different species.  Müller et al. 2007 point out that the lack of CBCs in ITS2 is not an 
indicator of two organisms belonging to the same species. ITS sequencing has become 
the standard for phylogenetic analysis for many taxonomic groups.  However, there are 
examples of where its use fails to discriminate among organisms.  For example, 
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Figure 1 Structure of rDNA in eukaryotes.  Top, the rDNA cistron occurs in repeats each 
separated by a nontranscribed spacer (NTS).  Bottom, each cistron consists of an external 
transcribed spacer (ETS) followed by the genes that code for the 18S, 5.8S and 28S 
subunits of the ribosome.  The 5.8S gene is flanked by two internal transcribed spacers 
(ITS), ITS1 and ITS2.  ITS sequences are spliced out during rRNA processing. (Modified 
from Lilia et al 2010) 
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in the fungus Pleurotus eryngii, 22 different strains (arising from spawn variation) had 
identical 5.8S rRNA sequences and 96% identity at ITS1 and ITS2 (Ro et al. 2007).  
Thus, ITS sequencing tends to be applicable for the verification of different species but 
may not always be applicable for the classification of strains of the same species.  In 
another study Ruey et al. (1996) have clearly shown that despite identical ITS sequences 
of Genoderma lucidum isolates, randomly amplified polymorphic DNA (RAPD) was 
successful in differentiating the isolates.  Gary et al. (2000) while comparing 34  
Scytalidium thermophilum fungal isolates from different parts of the world showed that 
even though at ITS sequence level there were only very minor genetic variations among 
the isolates, but the isolates could be assigned to two distinct groups, based on differences 
in the their RAPD profiles.  In a different study of lungworm infection in wild boars, 
Vincent et al. (1997) used RAPD to prove that there were four genetically distinct species 
of lungworms, despite the fact that two of them had identical ITS2 sequences, whereas 
morphologically and epidemiologically, even the existence of four distinct species of 
lungworms of genus Metastrongylus was questioned. 
1.4 Random Amplification of polymorphic DNA  
The technique of rapid amplification of polymorphic DNA (RAPD) is often employed to 
distinguish closely related species and strains (Ro et al. 2007).  The attractiveness of the 
RAPD technique is that it allows the detection of DNA polymorphism in the absence of 
any prior specific nucleotide information.  Briefly,  RAPD relies on the polymerase chain 
reaction (PCR) for the random amplification of genomic DNA using single short (10-15 
bp) primers of arbitrary sequence (Welsh & McClelland 1990; Williams et al. 1990). 
While traditional PCR reactions use two gene specific primers to amplify a single locus, 
the use of a single short random primer and low annealing conditions results in 
nonspecific binding of primer to the DNA template and amplification of many multi loci 
bands that, after resolution using agarose gel electrophoresis, produce a distinct profile or 
signature specific to a particular  organism (Figure 2).  Polymorphisms among different 
samples are detected as presence versus absence of a band in the strains/species being 
compared.  A polymorphic amplicon is a specific amplicon that is found in at least one, 
but not in all the strains/species being compared.    
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Figure 2.  Overview of RAPD analysis.  A, hypothetic agarose gel profile showing  
amplicons generated by PCR using DNA isolated from three different species (X, Y, Z). 
B, matrix showing presence or absence of each amplicon.  An amplicon can be defined as 
an amplified product of a unique size (One or more DNA bands of the same size 
represents a single amplicon)  C,  table displaying presence of amplicons in various 
combinations.  A monomorphic amplicon is a specific amplicon that is found in all 
species being compared. A polymorphic amplicon is a specific amplicon that is found in 
at least one, but not all, species being compared. 
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1.5 The genus Chlamydomonas 
Green algae belonging to the genus Chlamydomonas are found within the taxon 
Chlamdydomondales of the class Chlorophyceae and display worldwide distribution in a 
diversity of freshwater and terrestrial habitats (Harris 2008).  For a detailed review of the 
phylogeny and molecular evolution of the green algae see Leliaert et al. (2012).  Like all 
green algae, species of Chlamydomonas share a number of traits with land plants 
including the presence of a chloroplast with a double membrane, thylakoid membranes 
organized into grana, the presence of chlorophylls a and b, the accessory pigment classes 
carotenes and xanthophylls, and a cell wall (Leliaert et al. 2012).   The genus is one of 
the largest green algal genera with more than 600 species with all members being 
unicellular biflagellates where both flagella are of equal length and emerge in close 
proximity of a single cup-shaped chloroplast with a pyrenoid (Figure 3) (See Harris 
2009).  An issue with this description is that these characteristics are not synapomorphic 
and are found in many related taxa (Pröschold 2001).  Recently, Pröschold and co-
workers used rRNA sequence analysis to define clear monophyletic taxa within the genus 
and incorporated that into a larger review of 132 species within the Chlorophyceae 
(Pröschold 2001).  
The life cycle of Chlamydomonas is typical of a unicellular eukaryote and alternates 
between vegetative and sexual stages (Harris 2009).  In nutrient replete conditions, 
haploid vegetative cells reproduce using a modified mitotic cycle called multiple fission 
(Umen 2011).  Sexual reproduction is triggered by nitrogen starvation whereby 
vegetative cells differentiate into one of two kinds of mating-competent gametes, plus or 
minus.  The  mating type is genetically determined and segregates as a single Mendelian 
locus in crosses. Cells of opposite mating type are of the same size and indistinguishable 
when viewed using light microscopy (Harris 2007).     
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Figure 3. Chlamydomonas raudensis showing the typical morphology of the genus. A.  
Light microscope of a single cell, note the two equal flagella.  B.  A palmelloid colony of 
cells.  Scale bars represent 5.0 μm    C.  Electron micrograph of a single cell.  Note the 
single large chloroplast (C), central nucleus (N), mitochondrion (M), golgi apparatus (G), 
and flagellum (F).  Scale bar represents 1.0 μM. Copyright license from John Wiley, 
publisher. 
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By far the most commonly studied species of Chlamydomonas is C. reinhardtii, which 
has been used as a model eukaryote for the study of photosynthesis as well as eukaryotic 
flagella (cilia) structure and function.   Sequence and annotation of its approximately 120 
megabase nuclear genome has been recently completed (Merchant et al. 2007).  C. 
reinhardtii is a model system because it is readily amenable to transformation with any 
gene, and insertional mutagenesis is routinely used in C.reinhardtii for elucidation of 
gene function. 
Merchant et al. (2007), while studying the genome sequence of C.reinhardtii, found that  
the Chlamydomonas shared gene copies of animal associated transporter classes, the 
voltage-gated ion channel superfamily, including some related to flagellar functions. 
Additionally, its genome also encoded a number of specific plant transporters not present 
in animals. They also found that 706 protein families which were shared between C. 
reinhardtii and humans, many of which were present in flagellar and basal body 
proteomes, in addition to 51 members of class III guanylyl and adenylyl cyclase family 
which were specifically found in animals.These enzymes catalyze the synthesis of cGMP 
and cAMP involved in various signal transduction pathways. Dutcher et al. (2012) used 
the whole genome sequencing for the identification of mutants in C. reinhardtii. They 
identified IFT80 allele, which is a homolog of human IFT80 in mutant strain NG30 of C. 
reinhardtii, that codes a conserved intraflagellar transport protein in complex B of the 
IFT complex. It has been implicated in humans to cause Jeune asphyxiating thoracic 
dystrophy disease characterized by respiratory and kidney related defects as are observed 
in other ciliopathies (Beales et al. 2007). 
1.6 Chlamydomonas raudensis 
A green alga tentatively ascribed to the genus Chlamydomonas was isolated from east 
lobe of Lake Bonney in Antarctica (Lizotte & Priscu 1994). This permanently ice-
covered lake is situated in the Taylor Valley within the McMurdo Dry Valley system, 
which is the coldest (-55° to -5°C) and driest (<10 cm precipitation per year) desert on 
Earth (Priscu et al. 1999).  Because of this severe climate, the landscape is dominated by 
sparse communities of mosses, lichens and soil microbes.  The only source of year round 
liquid water is in perennially ice covered lakes which represent aquatic oases for a 
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diversity of microbial life (Priscu et al. 2005).  The vast majority of organic carbon is 
provided by photoautotrophic bacteria (anoxygenic bacteria, cyanobacteria) and 
photosynthetic microbial eukaryotes (chlorophytes, cryptophytes, haptophytes; Bielewicz 
et al. 2011; Kong et al. 2012) and to a lesser degree chemolithoautotrophic bacteria 
(Kong et al. 2012). Due to low temperatures, low light availability, and minimal carbon 
and nutrient (nitrogen and phosphorus) sources, the dry valley aquatic ecosystem 
supports extremely low yearly microbial production yields that are too low to sustain 
higher trophic levels (Laybourn-Parry 2009; Priscu et al. 1999).  
The Chlamydomonas raudensis strain isolated from Lake Boney was isolated from a 
depth of 17 m below the lake surface, in a region that is thought to be permanently 
stratified.  In addition to low temperatures which average from -2 to 5 C, the aquatic 
habitat at this depth is characterized by several other extreme physico-chemical 
parameters (Morgan-Kiss et al. 2006).  Light intensity at 17 m is below 5 µmol photons 
m
-2
 s
-1
 during mid-day in the summer, which is approximately 10 times lower than the 
irradiance at the lake surface and below the light compensation point for photosynthesis 
(Lizotte & Priscu 1992).  In addition, the spectral distribution of the light is heavily 
biased towards short wavelengths (450 – 550 nm) as longer wavelength red light is 
attenuated by the permanent ice cover and the water column (Lizotte & Priscu 1992; 
Lizotte et al. 1996). Last but not the least, all photosynthetic organisms residing in 
Antarctic aquatic environments must respond to seasonal extremes in the light 
environment — 24-hr daylight during the short summer and complete darkness during the 
austral winter (Lizotte et al. 1996). 
Based on its general morphology, this Antarctic Chlamydomonas species was tentatively 
identified as C. subcaudata.  This was primarily based on the work of Koob & Leister 
(1972) who had previously identified C. subcaudata as a dominant chlorophyte in Lake 
Bonney.  Accordingly, initial publications on this isolate from the Hüner laboratory used 
this species designation (Morgan et al. 1998; Morgan-Kiss et al. 2002).  A detailed study 
of the phylogeny of this green alga followed that employed the tools of molecular 
phylogenetics and the expertise of Thomas Pröschold (Brown University) and André 
Lachance (The University of Western University).   Based on this research, the alga was 
12 
 
identified as a strain of C. raudensis and given the strain designation UWO 241 (Pocock 
et al. 2004).   The type strain of C. raudensis was isolated from a pond in the Czech 
Republic and is kept in the Culture Collection of Algae at Goettingen University (SAG), 
and is denoted as strain SAG 49.72.  Similarly, strain UWO 241 has been deposited in the 
Culture Collection of Algae and Protozoa at the Scottish Marine Institute under  the 
accession number CCAP 11.131.  It has also been deposited in the National Center for 
Marine Algae and Microbiota in Maine USA under the accession number CCMP 1619.  
The phylogenetic relationship between C. reinhardtii and C. raudensis and other closely 
related Chlamydomonas species in shown in Figure 4  ( Pocock et al. 2004). 
Because of identical ITS sequences, UWO 241 and SAG 49.72 have been recognized as 
two strains of a single species.  However, this seemingly irrefutable information is 
contrasted with a wealth of other data that would suggest that SAG 49.72 and UWO 241 
are distinct species.  First, it is difficult to rationalize how a single species of green alga 
could come to be separated by approximately 15,000 km (the distance between Czech 
Republic and Antarctica).  There are no reports of either strain being found anywhere 
else.   Second, these two organisms have very different growth responses to temperature.  
Like the majority of microorganisms, SAG49.72 is classified as a mesophile as it has an 
optimum temperature of approximately 28°C for growth (M. Possmayer pers. comm.), 
which falls within the range that defines the group (20° to 45°C).  In comparison, UWO 
241 has an optimum temperature of approximately 14°C for growth and is unable to grow 
above 20°C (Morgan-Kiss et al. 2006; Possmayer et al. 2011) and is therefore classified 
as a psychrophile (Morita 1975).   Recent work by Possmayer et al. (2011) has clearly 
shown that UWO 241 cells die when shifted from 10°C to 24°C with a half-time of 
approximately 35 hours.  
The specific aspects of psychrophilic organisms that restrict their niche to temperatures 
below 20°C have not been elucidated (Feller & Gerday 2003), although two general 
adaptations are seen. Membrane lipid saturation levels are lower in psychrophilic 
organisms. This maintains membranes in a liquid-crystalline state at lower temperatures, 
which promotes membrane integrity (Russell 2008). Secondly, a large set of general and 
specific changes to the primary structure of enzymes from psychrophiles (compared to 
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mesophilic homologues) has been observed.  These changes are hypothesized to promote 
tertiary structural flexibility at low temperatures of both the enzyme as a whole and the 
active site in particular (for review, see Collins et al. 2008; Siddiqui & Cavicchioli 2006). 
The changes that result in sufficient flexibility for enzymatic activity at low temperatures 
are thought to result in excessive flexibility at moderate temperatures (Siddiqui & 
Cavicchioli 2006), reducing their catalytic activity as well as leading to denaturation 
(Siddiqui & Cavicchioli 2006).  
In addition to psychrophily, UWO241 has a number of other physiological and 
biochemical characteristics that distinguish it from SAG 49.72 or C. reinhardtii, which is 
also a mesophile.  Surprisingly, UWO 241 is unable to utilize red light alone for 
photosynthesis and is unable to undergo state transitions (Morgan-Kiss et al. 2002; 2005).  
State transitions enable photosynthetic eukaryotes to redistribute excitation energy 
between photosystem II and I (PSII and PSI) in response to changes in light spectral 
quality (Wollman 2001). As well, UWO 241 grown at 8°C has lower saturation levels of 
membrane lipids than that found in C. reinhardtii grown at its optimal temperature 
(Morgan-Kiss et al. 2002).   The cytochrome f from UWO 241 exhibits a lower apparent 
molecular mass (34 kD) compared to C. reinhardtii (41 kD), however the differences are 
not related to psychrophily (Gudynaite-Savitch et al. 2006).  As well, UWO 241 is 
halotolerant (Pocock et al. 2011).  Lastly, a transcriptomic profile of expressed genes 
from the two strains using the technique of differential display has shown a remarkably 
low number of transcripts of the same size and abundance (Marc Possmayer, unpublished 
data).   
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Figure 4.  Partial phylogram of Chlamydomonas and related green algae based on 18S 
rRNA sequencing.  Modified from Pocock et al. 2004. The position of C. raudensis and 
C. reinhardtii are shown by the arrows at the right.  Copyright license from John Wiley, 
publisher. 
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1.7 Thesis hypothesis, objectives and predictions      
Based on previous work (Pocock et al. 2004), ITS sequences cannot distinguish 
C.raudensis strain SAG 49.72 from strain UWO 241.  I hypothesize that the RAPD 
technique will be able to discriminate between these two strains by producing distinctly 
different profiles.   To test this hypothesis my objectives are (i) to isolate high quality 
nuclear genomic DNA from the two strains and (ii) successfully employ the RAPD 
technique using the isolated, purified DNA.   
As well, using C. reinhardtii as a comparative mesophilic species, I can make the 
following predictions:  (i) Different strains of C. reinhardtii will show similar RAPD 
profiles.  This first prediction is based on recent genealogical research showing that the 
laboratory strains of C. reinhardtii are very closely related (Pröschold 2005).  (ii) the 
RAPD profile generated for SAG 49.72 will be more similar to C. reinhardtii than it will 
be to UWO 241. This prediction is based on the fact that both C. raudensis strain SAG 
49.72 and C. reinhardtii are mesophilic species.  Although the genetic basis of 
psychrophily is not well understood, it is my hypothesis that such a trait would result in 
large changes to the genome of the organism that will be reflected in a distinctly different 
RAPD profile than that of SAG 49.72 or C. reinhardtii.    
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Chapter 2  
 
2 Materials and Methods 
2.1 Algal strains and Growth Conditions 
Three wild-type strains of the unicellular green alga Chlamydomonas reinhardtii (CC 
4351, CC 125 and CC 1690) were obtained from the Chlamydomonas Stock Center at the 
University of Minnesota and grown on Tris-Acetate Phosphate (TAP) media (Harris 
2008).  Cultures were grown at 28°C, under constant irradiance (150 µmol m
-2
 s
-1
).  The 
two strains of Chlamydomonas raudensis (UWO 241 and SAG 49.72) provided by were 
grown on High Salt medium (Sueoka 1960), which for UWO241, was supplemented with 
10 mM NaCl. UWO 241 was grown at 6°C at an irradiance of 50 µmol m
-2
 s
-1
, while 
SAG 49.72 was grown at 28°C under an irradiance of 150 µmol m
-2
 s
-1
. 
2.2 DNA Isolation and Purification 
For all strains, DNA was isolated using a modified Cetyl-tri-methyl-ammonium bromide 
(CTAB) method (Murray & Thompson 1980; Gudynaite-Savitch et al. 2007). Cells were 
harvested from 1.5 L cultures by centrifugation at 5000 x g for 10 min at 4°C.  Cell 
pellets were resuspended by gentle vortexing in 20 mL of ice cold Tris- NaCl-EDTA 
(TNE) buffer (20 mM Tris, 100 mM NaCl, 50 mM EDTA). Two percent (w/v) 
polyvinylpyrrolidone PVP was added to the TNE buffer. 1.25 mL of Pronase (10mg/mL 
in 50 mM Tris-buffer pH8.0) and 1.25 mL of 20% (w/v) Sodium dodycyl sulphate (SDS) 
was added to the homogenous cell suspension, followed by incubation at 50°C in a water 
bath for 1 h with intermittent mixing by gentle inversion.  Following incubation, an equal 
volume (25 mL) of pre-warmed CTAB buffer (2% (w/v) CTAB, 1.4 M NaCl, 20 mM 
EDTA, 100 mM Tris-buffer pH 8.0, 2% (w/v) PVP, 2% (v/v) βME) was added and the 
mixture was incubated at 60°C for additional 1 h with intermittent mixing by gentle 
inversion. After cooling to room temperature (RT), an equal volume (50 mL) of Tris-
saturated Phenol: Chloroform: Iso-amyl alcohol (PCI) (25:24:1) was added. The solution 
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was mixed by vigorous inversion to make a homogenous emulsion. It was centrifuged at 
12000 x g for 10 minutes at RT. The aqueous phase was collected in a new tube and re- 
extracted with an equal volume of PCI, again centrifuged at 12000 x g for 10 minutes at 
24°C to collect the aqueous phase. The aqueous phase was transferred to a new tube and 
extracted twice with an equal volume of chloroform: iso-amyl alcohol (24:1). It was 
centrifuged at 12000 x g for 10 minutes at RT. The aqueous phase was collected in a new 
tube and the DNA precipitated with a double volume of cold 100% EtOH by incubating 
overnight at -20°C.  The precipitated DNA was centrifuged at 12000 x g for 10 minutes 
at 24°C and the DNA pellet was washed twice with 3 mL of 70% EtOH and collected by 
centrifugation at 12000 X g for 5 minutes at RT. The pellet was air dried at for 1-2 hours 
and then resuspended in 10 mM Tris- buffer pH 8.0, 1 mM EDTA (TE).   
2.3 RNAse Treatment 
To remove contaminating RNA, the DNA was treated with RNAse A (20 µg of a 10 
mg/mL stock) and incubated overnight at 37°C. The DNA was re-precipitated by adding  
1/10 vol. 3 M NaOAc solution and 2 vol. cold 100% (v/v) EtOH followed by overnight 
incubation at -20°C. The precipitated DNA was centrifuged at 12000 x g for 10 minutes, 
at 24°C. The DNA pellet was washed twice with 70% (v/v) EtOH at 24°C. The DNA 
pellet was air dried at RT and dissolved either in TE or Tris-EDTA-NaCl solution (10 
mM Tris- buffer pH 8.0, 1 mM EDTA, 100 mM NaCl). (Sambrook et al. 1989).  DNA 
was quantified spectrophotometrically (Sambrook et al. 1989). Gel electrophoresis was 
conducted using 1-2 µg genomic DNA per lane using a 0.8% (w/v) agarose gel run in 1X 
TAE buffer at 50 V for 2 hours at room temperature. Gel was stained with 0.5 µg/mL 
(v/v) ethidium bromide solution (10 mg/mL) for 10-15 minutes by placing the gel on a 
shaker platform. After staining, the gel was destained with distilled water for 30-60 
seconds. The DNA was visualized under UV light on a gel documentation system and an 
image was taken with attached CCD camera and stored on a computer for further 
analysis. 
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2.4 Ultra-purification of DNA 
For separation of nuclear DNA from organellar DNA, ultra-purification was carried out 
using NaI gradient centrifugation according to Savitch (2004; O’Connor (1993), with 
modifications. A saturated solution of 8.33 M sodium iodide (NaI) was prepared by 
dissolving 56.08 g (w/v) NaI in 30 mL of TEN buffer (20 mM Tris-buffer pH 8.0, 50 mM 
EDTA, 1000 mM NaCl). DNA (up to 6-8 µg) was mixed in TEN buffer to make a 
volume of 10.123 mL. To this was added, 63 µL of Bis-Benzimide (from 10 mg/mL 
stock) (Herrin and Worley 1990; O’Connor 1993) drop by drop to avoid DNA 
precipitation. The resulting solution was added dropwise to 12.812 mL of saturated NaI 
solution to get a final NaI concentration of 4.64 M. The solution was mixed by gentle 
invertion to make it homogenous and 11.2 mL of the solution was transferred to 
Beckman optiseal tubes that were centrifuged in NVT 65.1 rotor for 44 hours at 170,000 
x g and 4 hours at 185,000 x g at 20°C.  
After centrifugation, the extent of separation of genomic and chloroplastic DNA was 
assessed under UV light. The DNA bands were separately collected with an 18 gauge 
needle into fresh tubes and the DNA solution was extracted 4 times with an equal volume 
of 10:1 mM TE saturated Butan-1-ol. The aqueous phase was collected by centrifugation 
at 12000 X g for 5 minutes at RT. To the final aqueous phase, 3 M (w/v) sodium acetate 
(NaoAc) was added to a final concentration of 0.3 M. The DNA was precipitated 
overnight with a double volume of chilled 100% EtOH at -20°C. The DNA pellet was 
washed with 3 mL of 70% (v/v) EtOH twice at room temperature and was collected by 
centrifugation at 12000 X g for 5 minutes at RT. The DNA was air dried and dissolved in 
TE.  
2.5 Analysis of DNA purity  
To determine the relative amounts of chloroplastic and nuclear DNA before and after 
ultra-centrifugation, the abundance of nuclear and chloroplast DNA were determined 
using a standard PCR reaction.  For strain UWO 241, a portion of the nuclear-encoded 
gene hsp90 was amplified using the primers: 5’-GCGCGAGCTCATCTCAAACGC 3’ 
and 5’-CGGCGACAAGGTACGCGGAG- 3’ (developed from hsp 90 DNA sequence of 
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C.raudensis UWO 241 present in NCBI using online primer3 tool).  For the chloroplast 
genome, amplification of the gene petA was achieved using the primers 5’-
ATCCTCGTGAAGCGAATGGTCG-3’ and 5’ ACCACGACCACGGTTACCACC-3’ 
(Gudynaite-Savitch et al. 2006).  For strain SAG 49.72, the abundance of nuclear DNA 
was determined by amplifying the 18S rRNA gene using the primers:  5’- CGTAGTCG 
AACTTCGGGCTT-3’(developed from 18 S rDNA sequence of C.raudensis SAG 49.72 
present in NCBI using online primer3 tool) (Marc Possmayer, personal communication).  
Likewise, the presence of chloroplastic DNA in SAG 49.72 was determined by 
amplifying a portion of rbcL using the primers: 5’- CTCTGGACCTCCT CACGGTA-3’ 
and 5'-ACACGGTTAGCTACAGCACC-3'  (developed from rbcL DNA sequence of 
C.raudensis SAG 49.72 present in NCBI using online primer3 tool) (Marc Possmayer, 
personal communication). To assure amplification was within the exponential range all 
reactions were carried out for 25 cycles.  The PCR reactions were set up in a total volume 
of 15µL as follows: 
 
Component Volume (µL) Final conc.  
10 X reaction buffer 1.5 1X 
MgCl2 (50 mM) 0.9 3 mM 
dNTP’s (2.5 mM) 2.0 0.33 mM 
Forward Primer (5 µM) 0.3 0.1 µM 
Reverse Primer (5 µM) 0.3 0.1 µM 
Taq Polymerase (5 /µL) 0.5 2.5 U/tube 
H2O 8.5  
DNA (crude or purified) 1  10 ng/tube 
Total  15  
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For all reactions there was a one-time initial denaturation step of 94°C for 5 min.  This 
was followed by 25 cycles of the following: 94°C for 1 min (denaturation), 62/60°C for 1 
min (primer annealing for UWO 241/SAG 49.72), 72°C for 1 min (extension). The PCR 
reaction was ended by a final extension at 72°C for 5 min.  
2.6 RAPD  
All RAPD reactions were performed using commercially available 13-mer primers 
(GenHunter Corporation, Nashville, TN) (See Appendix 1).  PCR reactions were 
performed using the following components: 
   
Component Volume (µL) Final conc.  
10 X reaction buffer 2.5 1X 
MgCl2 (50 mM) 1.25 2.5 mM 
dNTP’s (2.5 mM) 2.0 0.2 mM 
Primer (5 µM) 3 0.6 µM 
Taq Polymerase (5U /µL) 0.5 2.5 U/tube 
H2O 10.75  
DNA (10 ng/ µL) 5 50 ng/tube 
Total 25  
   
To minimize the possibility of artefactual bands and reproducibility, for each DNA 
sample and primer combination (e.g. SAG 49.72/primer x), duplicate reactions were 
performed.  As well, to minimize the effect of pipetting error, a master mix that included 
all reaction components except template DNA was added to individual PCR tubes.   
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For all reactions there was a one-time initial denaturation step of 94°C for 5 min.  This 
was followed by 39 cycles of the following: 94°C for 1 min (denaturation), 45°C for 2 
min (primer annealing), 72°C for 1 min (extension). The PCR reaction was ended by a 
final extension at 72°C for 5 min.  
After completion of the PCR reaction, 5 µL of 6X gel loading dye (30% (v/v) glycerol, 
0.25% bromophenol blue, 0.25% xylene cyanol FF) was directly added to the PCR 
reaction. The entire reaction product was loaded in the well on to 1.5% (w/v) agarose gel 
along with known DNA molecular size marker and electrophoresed in 1X TAE buffer for 
16 hours at a constant voltage of 25 V at room temperature. After electrophoresis, the gel 
was stained with EtBr (0.5 µg/mL), visualized and documented as described in section 
2.3. 
2.7 Data collection 
After gel electrophoresis, the gel images were used to manually score the presence and 
absence of amplified bands. All the RAPD profiles were converted into 0 &1 binary 
matrices based on presence or absence of bands (this is shown in Figure 2).  
2.8 Sequence alignment 
ITS sequences were obtained from Genbank —  C. raudensis strain UWO 241 (609 bp 
Accession: AJ781315), SAG 49.72 (Accession: AJ781316), C. reinhardtii strain CC-
1690 (Accession: JX839535.1).  MEGA 5 software was used for sequence alignment of 
ITS sequences (megasoftware.net) (Tamura et al. 2011). 
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3 Results 
3.1 ITS sequence comparison  
The complete ITS (ITS1-5.8S-ITS2) sequences of C. raudensis strains UWO 241 and  
SAG 49.72 were obtained from Genbank and compared.  Both UWO 241 and  SAG 
49.72 ITS sequences are 609 bp in length, while C. reinhardtii was 40 bp longer.  These 
lengths represent the size of a single cistron (as shown in Figure 1). C. reinhardtii, is 
known to have at least 200 copies of the ITS cistron (Howell & Walker 1976), arranged 
in repeats. For direct comparison, all three sequences were aligned. As shown in Figure 5, 
both C. raudensis strains are identical over the entire 609 bp sequence of the ITS.  By 
comparison, C. reinhardtii displayed 69.2% identity to the C. raudensis sequence.  
3.2 Analysis of DNA purity 
A critical step in the application of RAPD to these algal strains was to develop a protocol 
for the isolation of relatively pure nuclear DNA. Because of the huge copy number of the 
chloroplast genome, most DNA isolation techniques result in high levels of 
contaminating organellar DNA.  This has been shown to be the cause of spurious bands 
in some RAPD profiles (Perez et al. 1998; Rabouam et al. 1999).  
The degree to which purification of nuclear genomic DNA through ultracentrifugation 
reduced the abundance of contaminating chloroplastic DNA was assessed using PCR 
(Figure 6). For UWO 241, the presence of nuclear DNA was assessed in both crude and 
purified samples by amplifying a portion of the heat shock gene, hsp 90A.  Presence of 
chloroplastic DNA was assessed by amplifying a portion of the photosynthetic gene, 
petA.  Using both purified and crude samples amplification of both genes was successful 
resulting in an amplicon of the expected size (hsp 90A amplicon was 822 bp and that of 
pet A was 430 bp) (Figure 6).  Likewise, the presence of nuclear DNA in SAG 49.72 was 
assessed by amplifying a portion of the 18S rRNA gene, while the presence of 
chloroplastic DNA was determined by amplifying a portion of the rubisco large subunit  
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Figure 5.  DNA Alignment of ITS sequences (ITS1-5.8S-ITS2) of C. raudensis strains 
UWO 241 (UWO) and SAG 49.72 (SAG) and C. reinhardtii strain CC1690 (C. rein).  
Shaded nucleotides are not conserved.  Dashes were introduced to optimize alignment. 
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Figure 6.  Analysis of contaminating chloroplastic DNA in nuclear DNA preparations 
from C. raudensis strain UWO 241 (left) and SAG 49.72 (right).  PCR was used to 
amplify portions of nuclear (N) and chloroplastic genes (C) in both a crude DNA 
preparation and one following ultracentrifugation purification.  For UWO 241, the 
nuclear gene was hsp 90A and the chloroplastic gene was petA.  For SAG 49.72, the 
nuclear gene was 18S rRNA, and the chloroplastic gene was rbcL. M, DNA marker.  
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gene, rbcL. The sizes of the amplicons were as predicted: 750 bp for 18S rRNA and 800 
bp for rbcL. That the ultracentrifugation purification technique decreased the relative 
abundance of chloroplastic to nuclear DNA is shown by the decrease in amplicon 
abundance of chloroplast versus nuclear DNA samples following purification from both 
strains. 
3.3 Optimization and sensitivity of RAPD  
The technique of RAPD has been found to be very sensitive to template purity, reaction 
biochemistry and PCR cycling parameters (Perez et al. 1998). Because of this sensitivity, 
various PCR parameters were optimized to produce the stained gel that displayed the 
greatest number of clear scorable bands (data not shown).   
For optimum PCR amplification, the concentration was a final primer concentration of 
0.6 µM, 2.5 mM MgCl2, 50 ng of DNA template, and 2.5 U Taq polymerase.  Different 
13-bp random primers including 10-bp primers were tested.  However compared to the 
GenHunter 13-bp primers, these shorter length primers generated fewer bands when 
tested on DNA isolated from C. reinhardtii and C. raudensis strains.   
3.4 RAPD of three strains of C. reinhardtii  
In this work the RAPD technique was applied to DNA isolated from three strains of C. 
reinhardtii (CC 4351, CC 125 and CC 1690).  This was done as a control experiment to 
determine whether differences in RAPD profiles could be detected among well defined 
related strains of a single species.  For this work purified nuclear DNA was amplified 
using 6 primers (HAP-2, HAP-9, HAP-11, HAP-12, HAP-13, and HAP-20) (Figures 7-
12, respectively). 
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Figure 7.  RAPD analysis using primer HAP-2 of three strains of C. reinhardtii (CC 
4351, CC 125, CC 1690).  A, agarose gel profile of amplicons showing replicate reaction 
profiles for each strain.  B,  matrix showing presence or absence of each amplicon in each 
strain.  C,  table displaying presence of amplicons in various combinations.   
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Figure 8.  RAPD analysis using primer HAP-9 of three strains of C. reinhardtii (CC 
4351, CC 125, CC 1690).  A, agarose gel profile of amplicons showing replicate reaction 
profiles for each strain. B,  matrix showing presence or absence of each amplicon in each 
strain.  C,  table displaying presence of amplicons in various combinations.   
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Figure 9.  RAPD analysis using primer HAP-11 of three strains of C. reinhardtii (CC 
4351, CC 125, CC 1690).  A, agarose gel profile of amplicons showing replicate reaction 
profiles for each strain. B,  matrix showing presence or absence of each amplicon in each 
strain.  C,  table displaying presence of amplicons in various combinations.   
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Figure 10.  RAPD analysis using primer HAP-12 of three strains of C. reinhardtii (CC 
4351, CC 125, CC 1690).  A, agarose gel profile of amplicons showing replicate reaction 
profiles for each strain.  B,  matrix showing presence or absence of each amplicon in each 
strain.  C,  table displaying presence of amplicons in various combinations.   
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Figure 11.  RAPD analysis using primer HAP-13 of three strains of C. reinhardtii (CC 
4351, CC 125, CC 1690).  A, agarose gel profile of amplicons showing replicate reaction 
profiles for each strain. B,  matrix showing presence or absence of each amplicon in each 
strain.  C,  table displaying presence of amplicons in various combinations.   
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Figure 12.  RAPD analysis using primer HAP-20 of three strains of C. reinhardtii (CC 
4351, CC 125, CC 1690).  A, agarose gel profile of amplicons showing replicate reaction 
profiles for each strain. B,  matrix showing presence or absence of each amplicon in each 
strain.  C,  table displaying presence of amplicons in various combinations.   
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For all primers used, the RAPD profile seemed similar to RAPD profiles shown in other 
reports, however the number of amplicons was lower.  The number of amplicons 
generated per primer was found to be consistent ranging from a low of 10 with primer 
HAP-13 to a high of 14 with primers HAP-2 and HAP-11.  The size of amplicons ranged 
from approximately 5 kb to below 500 bp.  As shown in panel A of Figures 7 through 12, 
it was a rare event when an amplicon was not present in both replicate lanes of each 
strain.  The two lanes of a single strain are technical replicates as the template DNA are 
different aliquots of the same isolated DNA sample.  Amplicons were only scored if they 
appeared in both lanes per strain.      
In total, the 6 primers used generated 73 distinct amplicons.  Interestingly, as summarized 
in Table 1, the incidence of monomorphic bands was greater than the incidence of 
polymorphic bands.  For the pair CC 4351 and CC 125, 76% (55/72) of amplicons 
appeared in both strains (monomorphic).  This value was 70% (50/71) for the strain pair 
CC 4351/CC 1690 and 81% (57/70) for the pair CC 125/CC 1690. Overall, comparing all 
three strains the incidence of monomorphism was 47 out of a total of 73 amplicons or 
64%.  In other words, all three strains shared 64% of all amplicons.   
3.5 RAPD of C. raudensis strains and C. reinhardtii 
Similarly to the three C. reinhardtii strains, RAPD was conducted using purified nuclear 
DNA isolated from C. raudensis strains UWO 241 and SAG 49.72.  As an internal 
control to be used for comparison, new RAPD reactions were run at the same time using 
DNA isolated from C. reinhardtii strain 1690. DNA was amplified using a set of 9 
primers, three of which were also used for the previous C. reinhardtii analysis (HAP-2, 
HAP-13, HAP-20) as some of the primers did not result in amplification (marked as * in 
the appendix 1) . 
In general, regardless of the primers, many more amplicons were generated using C. 
raudensis DNA (Figures 13-21).  For example, the number of amplicons ranged from 20 
(primer HAP-17) to 37 (primer HAP-1) with the average of 24.6 amplicons per primer.  
This is exactly twice the average generated in the last experiment with the strains of C. 
reinhardtii where the average was 12.3 amplicons per primer.  
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Table 1.  Compiled data showing incidence of monomorphic (MM) and polymorphic 
(PM) amplicons between each pair of C. reinhardtii strains, for each primer.  The data 
presented in each column is the incidence of MM and PM as a proportion.  In each case 
the denominator denotes all amplicons from the two strains being compared, the third 
strain is ignored.  A MM amplicon is a specific amplicon that is found in all strains 
compared.  A PM amplicon is a specific amplicon that is not found in all strains 
compared.  Last column shows incidence of total monomorphism across all three strains.   
 
Primer 
MM bands 
between 
4351&125 
PM bands 
between 
4351&125 
MM bands 
between 
4351&1690 
PM bands 
between 
4351&1690 
MM bands 
between  
125&1690 
PM bands 
between 
125&1690 
MM bands 
among all 
strains 
HAP2 9/14 5/14 12/13 1/13 10/14 4/14 9/14 
HAP9 9/12 3/12 7/12 5/12 10/12 2/12 7/12 
HAP11 12/14 2/14 8/13 6/13 9/13 4/13 8/14 
HAP12 8/12 4/12 8/12 4/12 10/10 0/10 8/12 
HAP13 9/10 1/10 9/10 1/10 10/10 0/10 9/10 
HAP20 8/10 2/10 6/11 5/11 8/11 3/11 6/11 
Total 55/72  17/72 50/71 21/71 57/70 13/70 47/73 
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Figure 13.  RAPD analysis using primer HAP-1 of C. raudensis strains UWO 241 and 
SAG 49.72 and C. reinhardtii strain CC 1690.  A, agarose gel profile of amplicons 
showing replicate reaction profiles for each strain. B,  matrix showing presence or 
absence of each amplicon in each strain.  C,  table displaying presence of amplicons in 
various combinations.   
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Figure 14.  RAPD analysis using primer HAP-2 of C. raudensis strains UWO 241 and 
SAG 49.72 and C. reinhardtii strain CC 1690.  A, agarose gel profile of amplicons 
showing replicate reaction profiles for each strain. B,  matrix showing presence or 
absence of each amplicon in each strain.  C,  table displaying presence of amplicons in 
various combinations.   
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Figure 15.  RAPD analysis using primer HAP-3 of C. raudensis strains UWO 241 and 
SAG 49.72 and C. reinhardtii strain CC 1690.  A, agarose gel profile of amplicons 
showing replicate reaction profiles for each strain. B,  matrix showing presence or 
absence of each amplicon in each strain.  C,  table displaying presence of amplicons in 
various combinations.   
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Figure 16.  RAPD analysis using primer HAP-5 of C. raudensis strains UWO 241 and 
SAG 49.72 and C. reinhardtii strain CC 1690.  A, agarose gel profile of amplicons 
showing replicate reaction profiles for each strain. B,  matrix showing presence or 
absence of each amplicon in each strain.  C,  table displaying presence of amplicons in 
various combinations.   
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Figure 17.  RAPD analysis using primer HAP-8 of C. raudensis strains UWO 241 and 
SAG 49.72 and C. reinhardtii strain CC 1690.  A, agarose gel profile of amplicons 
showing replicate reaction profiles for each strain. B,  matrix showing presence or 
absence of each amplicon in each strain.  C,  table displaying presence of amplicons in 
various combinations.   
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Figure 18.  RAPD analysis using primer HAP-13 of C. raudensis strains UWO 241 and 
SAG 49.72 and C. reinhardtii strain CC 1690.  A, agarose gel profile of amplicons 
showing replicate reaction profiles for each strain. B,  matrix showing presence or 
absence of each amplicon in each strain.  C,  table displaying presence of amplicons in 
various combinations.   
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Figure 19.  RAPD analysis using primer HAP-17 of C. raudensis strains UWO 241 and 
SAG 49.72 and C. reinhardtii strain CC 1690.  A, agarose gel profile of amplicons 
showing replicate reaction profiles for each strain. B,  matrix showing presence or 
absence of each amplicon in each strain.  C,  table displaying presence of amplicons in 
various combinations.   
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Figure 20.  RAPD analysis using primer HAP-18 of C. raudensis strains UWO 241 and 
SAG 49.72 and C. reinhardtii strain CC 1690.  A, agarose gel profile of amplicons 
showing replicate reaction profiles for each strain. B,  matrix showing presence or 
absence of each amplicon in each strain.  C,  table displaying presence of amplicons in 
various combinations.   
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Figure 21.  RAPD analysis using primer HAP-20 of C. raudensis strains UWO 241 and 
SAG 49.72 and C. reinhardtii strain CC 1690.  A, agarose gel profile of amplicons 
showing replicate reaction profiles for each strain. B,  matrix showing presence or 
absence of each amplicon in each strain.  C,  table displaying presence of amplicons in 
various combinations.   
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  An inspection of any of the gels (part A) in Figures 13 through 21 shows that this 
increase in amplicons is because of far fewer shared or monomorphic bands among the 
strains.  This is supported by the compiled data shown in Table 2. UWO 241 and SAG 
49.72 only had 9.6% of amplicons in common (16/166).   Interestingly, this proportion 
was the same for the other pairwise strain comparisons:  UWO 241 & CC 1690 (15/150 = 
10%), and SAG 49.72 and CC 1690 (19/176 =10.8%).  These results are in stark contrast 
to the previous experiment with the three C. reinhardtii strains, which for any pairwise 
strain comparison, the strains shared between 70% and 81% of amplicons.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
44 
 
Table 2. Compiled data showing incidence of monomorphic (MM) and polymorphic 
(PM) amplicons between each pair of C. raudensis UWO 241, SAG 49.72 and C. 
reinhardtii CC 1690, for each primer.  The data presented in each column is the incidence 
of MM and PM as a proportion — in each case the denominator denotes the sum of all 
amplicons from the two strains being compared.  A MM amplicon is a specific amplicon 
that is found in all strains compared.  A PM amplicon is a specific amplicon that is not 
found in all strains compared.  Last column shows incidence of total monomorphism 
across all three strains.   
Primer 
MM bands 
between 
UWO&SAG  
PM bands 
between 
UWO&SAG 
MM bands 
between 
UWO&1690 
PM bands 
between 
UWO&1690 
MM bands 
between  
SAG&1690 
PM bands 
between 
SAG&1690 
MM bands 
among all 
strains 
HAP1 4/28 24/28 1/21 20/21 2/33 31/33 0 
HAP2 2/14 12/14 3/17 14/17 1/16 15/16 0 
HAP3 4/24 20/24 1/15 14/15 2/18 16/18 0 
HAP5 1/17 16/17 7/19 12/19 0/18 18/18 0 
HAP8 0/17 17/17 1/12 11/12 3/17 14/17 0 
HAP13 1/18 17/18 0/17 17/17 1/23 22/23 0 
HAP17 2/18 16/18 1/15 14/15 3/13 10/13 0 
HAP18 0/13 13/13 0/16 16/16 3/22 19/22 0 
HAP20 2/17 15/17 1/18 17/18 4/16 12/16 0 
Total 16/166 150/166 15/150 135/150 19/176 157/176 0 
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Chapter 4  
4 Discussion  
Three strains of C. reinhardtii were used as part of a control experiment to investigate 
RAPD profile variation among well established strains of a related green alga.   There are 
41 recognized laboratory strains of C. reinhardtii, including strains CC 1690, CC 125 and 
CC 4351 used for the current work (Pröschold 2005).  These laboratory strains have been 
exchanged by many laboratories and along the way have undergone numerous crosses 
and mutants have been generated, the most common being strains unable to grow on 
nitrate (nit1, nit2 and strains lacking a cell wall (cw15). As a result, their genealogy has 
remained unclear for decades.  Recent research has shown that these laboratory strains 
differ in the presence of a 10-bp insertion/deletion (indel) in ITS2 that is found in some 
but not all copies of the nuclear ribosomal cistron — and it is this indel, that was used to 
trace the genealogy of these 41 laboratory strains.  Based on this indel ITS2, all 
laboratory strains have been traced to a single mating pair (plus and minus) from the 
collection of G.M. Smith that was originally isolated from a field near Amherst 
Massachusetts in 1945 (Harris 1989; Proschold 2005).  Besides the 10-bp indel in ITS2, 
four of the laboratory strains also show single nucleotide changes in some ITS1 
sequences (Pröschold 2005).  
C. reinhardtii is considered to be a true biological species with a biogeography localized 
to Eastern North America. Experiments conducted by a range of laboratories on recent 
samples indicate that C. reinhardtii isolates show very high interfertility and that the 
survival rates of intercross zygote progeny are high (Coleman 2000).  ITS sequences are 
highly conserved, although there does exist the variable presence of the indel in ITS2.   
However, strains with different ITS2 sequences are known to interbreed.  Besides ITS 
sequences, different C. reinhardtii strains show clearly distinct restriction fragment 
length polymorphism patterns among interfertility strains, most probably, owing to their 
specific habitats within Eastern North America  (Pröschold 2005).   
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The research conducted on the genealogy of the major laboratory strains of C. reinhardtii 
is congruent with the RAPD analysis performed for this thesis.  Using 6 random primers 
against three strains, an inspection of RAPD profiles showed a small number of 
differences among the strains.  This finding is expected given the recent divergence of 
these strains, which has occurred only over the past approximately 70 years (Harris 
2009).  Besides confirming the close relatedness of these strains, the RAPD data 
presented for C. reinhardtii showed that the technique as employed in this study did not 
produce a large number of artefactual bands.  It also was able to detect clear differences 
between these three C. reinhardtii strains.  For each pairwise strain comparison 
approximately 24% of the amplicons were unique to one of the two strains.  
Variation in the presence of bands of the same size (polymorphism) among the different 
strains generated by the RAPD technique has been widely understood to reflect 
fundamental differences in the nucleotide sequence of the genomes.  The short nature of 
the random primers (13-mers in this case) results in their binding to many sites within the 
genome.  The lack of band generation of a particular size in one but not another sample 
maybe caused either by failure to prime because of differences in nucleotide sequence or 
by deletions or insertions in the fragment between the primer binding sites (Perez et al. 
1998).  Based on this, the high degree of monomorphism among the three C. reinhardtii 
strains using the RAPD technique supports the genealogical data and indicates that the 
genomes of these three strains are very similar to each other.  Recent whole genome 
sequencing projects of individual C. reinhardtii strains further supports the high degree 
of genetic similarity among the laboratory strains (Dutcher et al. 2012).   
The most surprising finding from this thesis research is in regards to the relationship 
between the two strains of C. raudensis and C. reinhardtii.  The RAPD data on the 
percentage of monomorphic amplicons is unequivocal — it suggests that the two strains 
of C. raudensis are not more closely related to each other than they are to C. reinhardtii.  
While the two strains have identical ITS sequences a comparison of their RAPD profiles 
generated using any of the 9 random primers indicates that the sequence of their 
respective genomes is very different.   The argument that such a result could be erroneous 
due to problems with the technique or some type of technical error is discarded for two 
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reasons.  First, the exact same technique was used to generate the RAPD profiles of the 
three C. reinhardtii strains, and as discussed above their profiles were very similar and 
consistent with their known genealogy. Second, regardless of primer or DNA source, 
replicate lanes showed very similar profiles, and again, only bands found in both replicate 
lanes were scored.   
How can one reconcile that UWO 241 and SAG 49.72 have identical ITS sequences and 
yet, as suggested by RAPD analysis, have overall nuclear genome profiles that are so 
different?  That their genomes are perhaps not similar is consistent with a wealth of 
previous research that clearly shows that physiologically and biochemically UWO 241 
and SAG 49.72 are distinct.  These differences include the following:  UWO 241 is 
psychrophilic — its cold adapted and dies at room temperature (Morgan-Kiss et al. 2006; 
Possmayer et al. 2011); structurally and functionally its photosynthetic apparatus is very 
different from both SAG 49.72 or C. reinhardtii (Morgan et al. 1998; Morgan-Kiss et al. 
2002, 2005; Pocock et al. 2006; 2007; 2011),  the sequence of a number of proteins show 
clear differences in primary sequence compared to C. reinhardtii (Gudynaite-Savitch et 
al. 2006, 2007) (M. Inman, pers. comm) and antibodies raised against a number of C. 
reinhardtii proteins fail to cross react with UWO 241 protein extracts (D. Maxwell, 
personal. communication).   
Besides the differences in physiology and biochemistry between the C. raudensis strains 
there is the issue of geographical separation.  How can two strains of one species (based 
on ITS) occupy habitats that are separated by approximately 15,000 km (Morgan-Kiss et 
al. 2006), with such contrasting habitats. While Antarctica and Eastern Europe were once 
part of a single continent,  Pangea, this super continent began to separate about 200 
million years ago, well before the radiation of the chlorophytes (Leliaert et al. 2012).  As 
well, the identical ITS sequences between the C. raudensis strains suggest that until quite 
recently they were part of a single population.    
An alternative explanation for their distribution is long distance transport.  It is a widely 
held view that unlike plants and animals, microbial eukaryotes do not have 
biogeographies (Finlay 2002).  That is, communities of microorganisms from adjacent 
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sites are no more similar than those from more distant locales.  For example, the same 
flagellate protist genotype (based on 18S rRNA sequence) was found in a fjord in 
Denmark and in a hydrothermal vent in the Pacific (Atkins et al. 2000).  Likewise, an 
examination of Arctic and Antarctic populations of planktonic foraminifers has identified 
at least three species where the genotype is identical between Arctic and Antarctic 
isolates (Darling et al. 2000).  As well, Bridge et al. (2008) found that ITS sequences 
were identical in Pythium sp. isolated from Arctic and Antarctic habitats.  The simplest 
explanation for these distributions, as put forward by (Finlay 2002) is that microbes are 
so abundant and so small that continuous global distribution is inevitable.     
Research has proved that long distance movement of microbial spores by wind, animals 
and ocean currents is common (Marshall & Chalmers 1997; Wainwright et al. 2003; 
Vincent 2004; Pearce et al. 2004; Munoz et al. 2004).  Transport of spores within the 
troposphere (<10 km) is very common given that hundreds of millions of tons of dust are 
transported between continents each year.  Remarkably, bacterial and fungal spores have 
been isolated from air samples within the stratosphere at a height of 70 km (Wainwright 
et al. 2003; Imshenetskii et al. 1978).  Algae, including Chlamydomonas were identified 
from a petri plate exposed at an altitude of 1100 m (Brown et al. 1964). Recently 
Yamaguchi et al. (2012) studied the global dispersion of bacteria on dust particles and 
found that bacteria riding on dust particles can travel thousands of kilometers away from 
the source of origin of dust particles and still can retain their growth potential, whereas 
dust particles have been found to travel more than 15, 000 km distance (Duce et al. 1980; 
Kellogg and Griffin 2006). Uno et al.(2009) studied the global movement of Asian dust 
particles and found that these particles can travel encircling the whole globe in 13 days 
and were identified in ice and snow covers of Greenland and French Alps.  
Based on extensive literature one should therefore not be surprised that UWO 241 and 
SAG 49.72 have the same ITS sequence and yet are so geographically separate.  But what 
about the other traits that make the two strains so distinct — in particular, the trait of 
psychrophily?  Currently, very little is known about the underlying genetic basis of 
psychrophily.  To date much of the focus has been on cold-adapted enzymes as well as 
membrane components (Feller 2003; Collins et al. 2008).  No research has yet addressed 
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questions regarding the evolution of the trait, in particular the length of time involved. 
However, having two strains of the same species (based on ITS) where one is a 
mesophile and the other is a psychrophile is a unique opportunity to investigate the 
underlying nature of psychrophily.  Most studies addressing questions of psychrophily 
study two, sometimes related, but always distinct species (Possmayer et al. 2011).   An 
experimental approach that is particularly amendable to addressing the evolution of 
psychrophily is experimental evolution.  Long-term culturing of microbes under selective 
conditions has been shown to be a powerful approach to the study of adaption in both 
bacteria (See Elena & Lenski 2003) and simple eukaryotes including Chlamydomonas 
(Bell 1997; Collins & Bell 2004). 
One could hypothesize that given a single population of C. raudensis that this population 
may in fact be psychrophilic and that it was SAG 49.72 and the trait of mesophily that 
evolved from psychrophily. While this is mostly conjecture, such a scenario may be more 
likely than the reverse.  It would seem that a psychrophilic spore of some kind would be 
better able to survive transport in the atmosphere, which tends to be extremely cold.  It is 
interesting to note that although totally ice covered today, the low concentrations of Ar 
and N2 in the East Lobe of Lake Bonney Antarctica (where UWO 241 was isolated) 
indicates that it was free of ice until about 200 ± 50 years ago (Poreda et al. 2004).  This 
would make the likelihood of movement out of the lake far more likely than today. Part 
of the difficulty in determining a possible scenario to explain the current distribution of 
strains of  C. raudensis is that there are only two strains identified (Pocock et al. 2004).  
Besides Antarctica and the Czech Republic, no other isolates have been identified as 
belonging to the species. 
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Chapter 5  
5 Conclusions and Future Directions 
ITS sequence is well established as the standard molecular marker that is used to define 
species - two organisms with the same ITS sequence are considered to belong to the same 
species.  The data presented in this thesis casts doubt on the unequivocal adoption of ITS 
to determine species designation. 
Recall from the introduction to this thesis the Biological Species Concept as introduced 
by Ernst Mayer: A species is a group of interbreeding natural populations that is 
reproductively isolated from other such groups.  The question of whether or not SAG 
49.72 and UWO 241 can interbreed and produce viable progeny is a question that has not 
yet been directly addressed.  Mating experiments with C. reinhardtii are routine thus 
there should be no technical issues with pursuing an answer to the question.  But it is an 
experiment that is not informative if the result is negative and it does not mean that one 
cannot achieve matting.  Preliminary experiments attempting to mate UWO 241 and SAG 
49.72 failed to show mating — but these experiments were performed at 25°C, a 
temperature at which UWO 241 dies.  Both strains grow at 16°C but this is not optimum 
for either species.  Given the biochemistry involved in the fusion of gametes, perhaps it is 
not possible, given the respective temperature optima of the two strains, to get the two 
strains to actually mate.   
As mentioned previously the power of the current system for the elucidation of the 
genetic basis of psychrophily is that one has a mesophilic and psychrophilic strain with 
identical ITS sequences.  Clearly a very fruitful path to go down is genome sequencing of 
the two strains.  More than any other technique comparative genomics studies of the two 
strains should yield insights into adaptation to cold-environments unrivaled by any other 
approach.   
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    Appendices  
Appendix 1.  List of random primers used for RAPD analysis.   
 
Primer 
Name 
Sequence G+C% Tm Molecular 
Weight 
HAP-1 aagcttgattgcc 46 39.7 4030 
HAP-2 aagcttcgactgt 46 40.6 4030 
HAP-3 aagctttggtcag 46 39 4070 
HAP-5 aagcttagtaggc 46 37 4079 
HAP-7* aagcttaacgagg 46 38 4088 
HAP-8 aagcttttaccgc 46 40 3990 
HAP-9 aggatccgtgagc 62 44 4080 
HAP-11 aagatccaaccat 39 36 3992 
HAP-12 aggatccggccat 62 46 4040 
HAP-13 aggatccgaatgg 54 41 4104 
HAP-14* aagcttggagctt 46 40 4070 
HAP-15* aagcttacgcaac 46 40 4008 
HAP-17 aagcttaccaggt 46 39 4039 
HAP-18 aagcttagaggca 46 39 4088 
HAP-19* aagcttatcgctc 46 38 3990 
HAP-20 aagcttgttgtgc 46 41 4061 
* Primers did not result in any amplification. 
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